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(57) ABSTRACT

A downhole drilling system 1s disclosed. The downhole
drilling system may include a pulse-generating circuit elec-
trically coupled to a power source configured to provide an
alternating current at a frequency and an 1put voltage, the
pulse-generating circuit comprising an input stage circuit
clectrically coupled to the power source, the mput stage
circuit configured to control the alternating current in the
pulse-generating circuit; a transiformer circuit electrically
coupled to the mnput stage circuit, the transformer circuit
comprising an open-core transformer configured to generate
an output voltage higher than the input voltage; and an
output stage circuit electrically coupled to the transformer
circuit, the output stage circuit configured to store energy for
an electric pulse; and a drill bit including a first electrode and
a second electrode electrically coupled to the output stage
circuit to receive the electric pulse from the pulse-generating
circuit.
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PULSE TRANSFORMER FOR DOWNHOLE
ELECTROCRUSHING DRILLING

RELATED APPLICATIONS

This application 1s a U.S. National Stage Application of

International Application No. PCT/US2017/025731 filed
Apr. 3, 2017, which designates the United States, and which
1s mncorporated herein by reference in its entirety.

TECHNICAL FIELD

The present disclosure relates generally to downhole
clectrocrushing drilling and, more particularly, to pulse
transformers for downhole electrocrushing drilling.

BACKGROUND

Electrocrushing drilling uses pulsed power technology to
drill a wellbore 1n a rock formation. Pulsed power technol-
ogy repeatedly applies a high electric potential across the
clectrodes of an electrocrushing drill bit, which ultimately
causes the surrounding rock to fracture. The fractured rock
1s carried away from the bit by dnlling fluid and the bat
advances downhole.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present disclo-
sure and its features and advantages, reference 1s now made
to the following description, taken in conjunction with the
accompanying drawings, in which:

FIG. 1 1s an elevation view of an exemplary downhole
clectrocrushing drilling system used 1n a wellbore environ-
ment;

FIG. 2A 1s a perspective view of exemplary components
ol a bottom-hole assembly for a downhole electrocrushing
drilling system:;

FIG. 2B 1s a perspective view of exemplary components
of a bottom-hole assembly for a downhole electrocrushing
drilling system:;

FIG. 3 1s a schematic for an exemplary pulse-generating
circuit for a downhole electrocrushing drilling system;

FIG. 4A 1s a side cross-sectional view of an exemplary
transformer circuit for a downhole electrocrushing drilling
system;

FIG. 4B 1s an exploded view of an exemplary transformer
circuit for a downhole electrocrushing drilling system

FIG. 5 1s a top cross-sectional view of an exemplary
pulsed-power tool for a downhole electrocrushing drilling
system; and

FIG. 6 1s a flow chart of exemplary method for drilling a
wellbore.

DETAILED DESCRIPTION

Electrocrushing drilling may be used to form wellbores 1n
subterranean rock formations for recovering hydrocarbons,
such as o1l and gas, from these formations. Electrocrushing
drilling uses pulsed-power technology to repeatedly fracture
the rock formation by repeatedly delivering high-energy
clectrical pulses to the rock formation. In some applications,
certain components of a pulsed-power system may be
located downhole. For example, a pulse-generating circuit
may be located 1n a bottom-hole assembly (BHA) near the
clectrocrushing drill bit. The pulse-generating circuit may
include a transformer that steps up a low-voltage power
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source input mto a high-voltage output that 1s used to
generate electric pulses for powering electrodes of an elec-
trocrushing drill bit. In addition, the pulse-generating circuit
may be designed to withstand the harsh environment of a
downhole pulsed-power system. For example, the pulse-
generating circuit may operate over a wide temperature
range (for example, from approximately 10 to 200 degrees
Centigrade), and may physically withstand the vibration and
mechanical shock resulting from the fracturing of rock
during downhole electrocrushing drilling.

There are numerous ways 1n which a pulse-generating,
circuit may be implemented in a downhole electrocrushing
pulsed-power system. Thus, embodiments of the present
disclosure and its advantages are best understood by refer-
ring to FIGS. 1 through 6, where like numbers are used to
indicate like and corresponding parts.

FIG. 1 1s an elevation view of an exemplary electrocrush-
ing drilling system used to form a wellbore 1n a subterranean
formation. Although FIG. 1 shows land-based equipment,
downhole tools incorporating teachings of the present dis-
closure may be satistactorily used with equipment located
on oifshore platforms, drill ships, semi-submersibles, and
drilling barges (not expressly shown in FIG. 1). Addition-
ally, while wellbore 116 1s shown as being a generally
vertical wellbore, wellbore 116 may be any orientation
including generally horizontal, multilateral, or directional.

Drilling system 100 includes drilling platform 102 that
supports derrick 104 having traveling block 106 for raising
and lowering drill string 108. Dnlling system 100 also
includes pump 125, which circulates electrocrushing drilling
fluid 122 through a feed pipe to kelly 110, which 1n turn
conveys electrocrushing drilling fluid 122 downhole through
interior channels of drill string 108 and through one or more
orifices 1n electrocrushing drll bit 114. Electrocrushing
drilling fluid 122 then circulates back to the surface via
annulus 126 formed between dnll string 108 and the side-
walls of wellbore 116. Fractured portions of the formation
are carried to the surface by electrocrushing drilling fluid
122 to remove those fractured portions from wellbore 116.

Electrocrushing drill bit 114 1s attached to the distal end
of drill string 108. Power to electrocrushing drill bit 114 may
be supplied from the surface. For example, generator 140
may generate electrical power and provide that power to
power-conditioning unit 142. Power-conditioning unit 142
may then transmit electrical energy downhole via surface
cable 143 and a sub-surface cable (not expressly shown 1n
FIG. 1) contained within drill string 108 or attached to the
side of dnll string 108. A pulse-generating circuit within
BHA 128 may receive the electrical energy from power-
conditioning unit 142, and may generate high-energy pulses
to drive electrocrushing drill bit 114. The pulse-generating,
circuit may include an open-core, multi-segmented trans-
former as described 1n further detail below with reference to
FIGS. 3-6.

The pulse-generating circuit within BHA 128 may be
utilized to repeatedly apply a high electric potential, for
example at least 50 kilovolts (kV) or between approximately
50 kV and 200 kV, across the electrodes of electrocrushing
dri1ll bit 114. Each application of electric potential 1s referred
to as a pulse. When the electric potential across the elec-
trodes of electrocrushing drill bit 114 1s increased enough
during a pulse to generate a suiliciently high electric field, an
clectrical arc forms through a rock formation at the bottom
of wellbore 116. The arc temporarnly forms an electrical
coupling between the electrodes of electrocrushing drill bat
114, allowing electric current to flow through the arc iside
a portion of the rock formation at the bottom of wellbore
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116. The arc greatly increases the temperature and pressure
of the portion of the rock formation through which the arc
flows and the surrounding formation and materials. The
temperature and pressure 1s suiliciently high to break the
rock into small bits or cuttings. This fractured rock 1s
removed, typically by electrocrushing drilling fluid 122,
which moves the fractured rock away from the electrodes
and uphole. The terms “uphole” and “downhole” may be
used to describe the location of various components of
drilling system 100 relative to the bottom or end of wellbore
116 shown in FIG. 1. For example, a first component
described as uphole from a second component may be
turther away from the end of wellbore 116 than the second
component. Similarly, a first component described as being
downhole from a second component may be located closer
to the end of wellbore 116 than the second component.

As electrocrushing drill bit 114 repeatedly fractures the
rock formation and electrocrushing drilling fluid 122 moves
the fractured rock uphole, wellbore 116, which penetrates
various subterranean rock formations 118, 1s created. Well-
bore 116 may be any hole drilled into a subterranean
formation or series ol subterranean formations for the pur-
pose ol exploration or extraction of natural resources such
as, for example, hydrocarbons, or for the purpose of injec-
tion of tluids such as, for example, water, wastewater, brine,
or water mixed with other fluids. Additionally, wellbore 116
may be any hole drilled into a subterranean formation or
series ol subterrancan formations for the purpose of geo-
thermal power generation.

Although drilling system 100 1s described herein as
utilizing electrocrushing drill bit 114, drilling system 100
may also utilize an electrohydraulic drill bit. An electrohy-
draulic drill bit may have one or more electrodes and
clectrode spacing configurations similar to electrocrushing
drill bit 114. But, rather than generating an arc within the
rock, an electrohydraulic drill bit applies a large electrical
potential across the one or more electrodes and the ground
ring to form an arc across the dnlling fluid proximate the
bottom of wellbore 116. The high temperature of the arc
vaporizes the portion of the fluid immediately surroundmg
the arc, which 1n turn generates a high-energy shock wave in
the remaining fluid. The one or more electrodes of electro-
hydraulic drill bit may be oriented such that the shock wave
generated by the arc 1s transmitted toward the bottom of
wellbore 116. When the shock wave hits and bounces off of
the rock at the bottom of wellbore 116, the rock fractures.
Accordingly, drilling system 100 may utilize pulsed-power
technology with an electrohydraulic drill bit to drill wellbore
116 1n subterranean formation 118 1n a similar manner as
with electrocrushing drill bit 114.

FIG. 2A 15 a perspective view of exemplary components
of the bottom-hole assembly for downhole electrocrushing
drilling system 100. BHA 128 may include pulsed-power
tool 230. BHA 128 may also include electrocrushing drill bit
114. For the purposes of the present disclosure, electrocrush-
ing drill bit 114 may be integrated within BHA 128, or may
be a separate component that 1s coupled to BHA 128.

Pulsed-power tool 230 may provide pulsed electrical
energy to electrocrushing drill bit 114. Pulsed-power tool
230 recerves electrical power from a power source via cable
220. For example, pulsed-power tool 230 may receive
clectrical power via cable 220 from a power source located
on the surface as described above with reference to FIG. 1,
or from a power source located downhole such as a genera-
tor powered by a mud turbine. Pulsed-power tool 230 may
also receive electrical power via a combination of a power
source located on the surface and a power source located
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downhole. Pulsed-power tool 230 converts electrical power
received from the power source into high-energy electrical
pulses that are applied across electrodes 208 and ground ring
2350 of electrocrushing drill bit 114. Pulsed-power tool 230
may also apply high-energy electrical pulses across elec-
trode 210 and ground ring 250 in a similar manner as
described herein for electrode 208 and ground ring 230. To
generate high-energy electrical pulses, pulsed-power tool
230 may 1include a pulse-generating circuit as described
below with reference to FIG. 3.

Referring to FIG. 1 and FIG. 2A, electrocrushing drilling
fluid 122 may exit drll string 108 via openings 209 sur-
rounding each electrode 208 and each electrode 210. The
flow of electrocrushing drill fluid 122 out of openings 209
allows electrodes 208 and 210 to be insulated by the
clectrocrushing drilling fluid. Electrocrushing drill bit 114
may include a solid msulator (not expressly shown in FIG.
1 or 2A) surrounding electrodes 208 and 210 and one or
more orifices (not expressly shown in FIG. 1 or 2A) on the
face of electrocrushing drill bit 114 through which electro-
crushing drilling flmd 122 exats dnll string 108. Such
orifices may be simple holes, or they may be nozzles or other
shaped features. Because fines are not typically generated
during electrocrushing drilling, as opposed to mechanical
drilling, electrocrushing drilling fluid 122 may not need to
exit the drill bit at as high a pressure as the drilling fluid 1n
mechanical drilling. As a result, nozzles and other features
used to increase drilling fluid pressure may not be needed.
However, nozzles or other features to increase electrocrush-
ing drilling fluid 122 pressure or to direct electrocrushing
drilling fluid may be included for some uses.

Electrocrushing drilling fluid 122 1s typically circulated
through drilling system 100 at a flow rate suilicient to
remove fractured rock from the vicinity of electrocrushing
drill bat 114. In addition, electrocrushing drlling fluid 122
may be under suflicient pressure at a location 1 wellbore
116, particularly a location near a hydrocarbon, gas, water,
or other deposit, to prevent a blowout.

In addition, electrocrushing drill bit 114 may include
ground ring 250, shown 1n part 1n FIG. 2A. Ground ring 250
may function as an electrode. Although illustrated as a
contiguous ring in FIG. 2A, ground ring 250 may be
non-contiguous discrete electrodes and/or implemented 1n
different shapes. Electrodes 208 and 210 may be at least 0.4
inches (1.e., at least approximately 10 millimeters) apart
from ground ring 2350 at their closest spacing, at least 1 inch
(1.e., at least approximately 25 millimeters) apart at their
closest spacing, at least 1.5 inches (1.e., at least approxi-
mately 38 millimeters) apart at their closest spacing, or at
least 2 1nches (1.e., at least approximately 51 millimeters)
apart at their closest spacing. If drilling system 100 expe-
riences vaporization bubbles in electrocrushing drilling tluid
122 near electrocrushing drill bit 114, the vaporization
bubbles may have deleterious eflects. For instance, vapor-
ization bubbles near electrodes 208 or 210 may impede
formation of the arc in the rock. Electrocrushmg drilling
fluid 122 may be circulated at a flow rate also suilicient to
remove vaporization bubbles from the vicinity of electro-
crushing drill bit 114. Although not all electrocrushing drill
bits 114 may have ground ring 250, 11 it 1s present, 1t may
contain passages 260 to permit the flow of electrocrushing
drilling fluid 122 along with any fractured rock or bubbles
away from electrodes 208 and 210 and uphole.

FIG. 2B 1s another perspective view of exemplary com-
ponents of a bottom-hole assembly for downhole electro-
crushing drilling system 100. BHA 128 and pulsed-power
tool 230 may include the same features and functionalities




US 10,718,163 B2

S

discussed above 1n FIG. 2A. For example, electrocrushing
drilling fluid 122 may exat drill string 108 via opening 213
surrounding electrode 212. The tlow of electrocrushing drill
fluid 122 out of opening 213 allows electrode 212 to be
insulated by the electrocrushing drilling fluid. While one
clectrode 212 1s shown 1 FIG. 2B, electrocrushing drill bat
115 may include multiple electrodes 212. Electrocrushing
drill bit 115 may include solid isulator 210 surrounding
clectrode 212 and one or more orifices (not expressly shown
in FIG. 2B) on the face of electrocrushing drill bit 1135
through which electrocrushing drilling fluid 122 exats drll
string 108. Nozzles or other features to increase electro-
crushing drilling fluid 122 pressure or to direct electrocrush-
ing drilling fluid may be included for some uses. Addition-
ally, the shape of solid insulator 210 may be selected to
enhance the flow of electrocrushing drilling fluid 122 around
the components of electrocrushing drill bit 115.

Electrocrushing drill bit 115 may include bit body 2355,
clectrode 212, ground ring 250, and solid insulator 210.
Electrode 212 may be placed approximately in the center of
clectrocrushing drill bit 115. The distance between electrode
212 and ground ring 250 may be generally symmetrical or
may be asymmetrical such that the electric field surrounding,
the electrocrushing drill bit has a symmetrical or asymmetri-
cal shape. The distance between electrode 212 and ground
ring 250 allows electrocrushing drilling fluid 122 to flow
between electrode 212 and ground ring 250 to remove
vaporization bubbles from the drilling area.

Electrode 212 may have any suitable diameter based on
the drilling operation. For example, electrode 212 may have
a diameter between approximately two and ten inches (1.e.,
between approximately 51 and 234 millimeters). The diam-
cter ol the clectrode may be based on the diameter of
clectrocrushing drill bit 115.

Ground ring 250 may function as an electrode and provide
a location on the electrocrushing drill bit where an arc may
initiate and/or terminate. Ground ring 250 also provides one
or more fluid flow ports 260 such that electrocrushing
drilling fluids flow through fluid flow ports 260 carry
fractured rock and vaporization bubbles away from the
drilling area.

FIG. 3 1s a schematic for an exemplary pulse-generating,
circuit for a downhole electrocrushing drilling system.
Pulse-generating circuit 300 includes power source input
302, mput stage circuit 304, transformer circuit 306, and
output stage circuit 308.

As described above with reference to FIGS. 2A and 2B,
pulse-generating circuit 300 receives electrical power from
a power source located on the surface (for example, gen-
crator 140 described with reference to FIG. 1) and/or a
power source located downhole, such as a generator pow-
ered by a mud turbine or an alternator. For example, 1mnput
terminals 310 and 311 of power source mput 302 may
receive an alternating input current from a low-voltage (for
example, a peak voltage between approximately 1 kV to 15
kV) power source by way of a cable, such as cable 220
described above with respect to FIGS. 2A and 2B. Input
stage circuit 304 receives power from power source input
302 and controls the power supplied to transformer circuit
306. Transformer circuit 306 in turn transforms the low-
voltage iput mto a high-voltage output that 1s used to create
clectrical pulses capable of applying at least 50 kV or
between approximately 50 kV and 200 kV with a rise time
of approximately 5 to 25 microseconds across electrodes
208 or 210 and ground ring 2350 of electrocrushing drill bat
114 1llustrated 1n FIG. 2A or electrode 212 and ground ring
250 of electrocrushing drill bit 115 1llustrated 1n FIG. 2B. As
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described above with reference to FIGS. 1 and 2, the
high-energy electrical pulses at electrodes 208, 210, and 212
are utilized to drill wellbore 116 1n subterranean formation
118.

Input stage circuit 304 1s electrically driven by power
source mput 302. Input stage circuit 304 includes capacitor
312 and switching circuit 314 electrically coupled to power
source mput 302. An alternating current 1s applied to input
terminals 310 and 311 of power source input 302 that
charges the plates of capacitor 312 such that capacitor 312
stores energy from power source mput 302. Switching
circuit 314 controls the tlow of current to transformer circuit
306. Switching circuit 314 includes any suitable device to
open and close the electrical path between capacitor 312 and
transformer circuit 306. For example, switching circuit 314
may include a mechanical switch, a solid-state switch, a
magnetic switch, a gas switch, or any other type or combi-
nation ol switches (for example, an assembly of switches
arranged 1n parallel or 1n series) suitable to open and close
the electrical path between capacitor 312 and inductor 316.
When switching circuit 314 1s closed, electrical current
flows from capacitor 312 and/or input terminals 310 and 311
to transformer circuit 306. Thus, switching circuit 314
controls the timing of power pulses supplied to the input side
of transtormer circuit 306. The current supplied to the mput
side of transformer circuit 306 may be between approxi-
mately 4 kA and 40 kA. Input stage circuit 304 may include
one or more additional components (for example, a capaci-
tor, resistor, and/or inductor) beyond those shown 1n FIG. 3
to condition or control power from power source mput 302
betfore 1t 1s supplied to transformer circuit 306.

Transtormer circuit 306 includes primary windings 316
and secondary windings 318 configured as a voltage step-up
transformer. For example, primary windings 316, windings
clectrically coupled to imnput stage circuit 304 on the input or
primary side, may be wound around the same core as
secondary windings 318, windings electrically coupled to
output stage 308 on the output or secondary side, to form an
clectrical transtormer. Current from input stage circuit 304
flowing through primary windings 316 creates electromag-
netism that induces a current through secondary windings
318 on the secondary side of transformer circuit 306. As
described in more detail below with respect to FIGS. 4A and
4B, transformer circuit 306 may be an open-core, multi-
segmented transformer that steps up or increases the voltage
on the secondary side of pulse-generating circuit 300. For
example, transformer circuit 306 may transform a low-
voltage (for example, approximately 1 kV to 15 kV) from
power source mput 302 into a high voltage of at least 50 kV
or between approximately 50 kV and 200 kV that is capable
of creating high-energy electrical pulses to perform electro-
crushing and/or electrohydraulic drilling. The open-core,
multi-segmented design of transformer circuit 306 allows
pulse-generating circuit 300 to fit within a bottom-hole
assembly (for example, BHA 128 discussed above with
respect to FIGS. 1 and 2) and generate high-energy pulses to
perform e¢lectrocrushing and/or electrohydraulic drilling
with a drll bit (for example, drill bits 114 and 115 discussed
above with respect to FIGS. 2A and 2B).

Output stage circuit 308 stores energy from transformer
circuit 306 to apply to the electrodes of an electrocrushing
and/or electrohydraulic drill bit. Capacitor 320 1s coupled to
transformer circuit 306 such that 1t stores energy from the
increased voltage generated on the secondary or output side
of transformer circuit 306. Electrode 208 and ground ring
250 are coupled to opposing terminals of capacitor 320 of
output stage circuit 308. Accordingly, as the electric poten-
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tial across capacitor 320 increases, the electric potential
across electrode 208 and ground ring 250 also increases.
Electrode 208 and ground ring 2350 are part of electrocrush-
ing drill bit 114 described above with reference to FIGS. 1
and 2A. When the electric potential across, for example, 5
clectrode 208 and ground ring 250 of an electrocrushing drill
bit becomes sufliciently large, an electrical arc forms
through a rock formation that i1s near electrode 208 and
ground ring 2350. The arc provides a temporary electrical
short between electrode 208 and ground ring 250, and thus 10
allows electric current to flow through the arc inside a
portion of the rock formation at the bottom of wellbore. As
described above with reference to FIG. 1, the arc increases
the temperature of the portion of the rock formation through
which the arc flows and the surrounding formation and 15
materials. The temperature 1s sufliciently high to vaporize
any water or other fluids that might be touching or near the
arc and may also vaporize part of the rock itself. The
vaporization process creates a high-pressure gas which
expands and, 1n turn, fractures the surrounding rock. 20

Although FIG. 3 1s a schematic for a particular pulse-
generating circuit topology, electrocrushing and/or electro-
hydraulic drilling systems and pulsed-power tools may
utilize any suitable pulse-generating circuit topology to
generate and apply high-energy pulses to electrode 208 and 25
ground ring 250. These pulse-generating circuit topologies
may utilize a voltage step-up transiormer to generate a high
voltage that 1s used to create high-energy electrical pulses
required for electrocrushing and/or electrohydraulic drilling.
Elements may be added or removed from the schematic 30
illustrated 1 FIG. 3 without deviating from the present
invention. For example, additional elements may be added
to mput stage circuit 304 to condition the power from power
source mput 302 before 1t 1s supplied to transformer circuit
306. Although electrode 208 and ground ring 2350 are shown 35
in FIG. 3, pulse-generating circuit 300 may supply high-
energy electrical pulses to other electrodes, such as 208 or
210 and ground ring 250 of electrocrushing drill bit 114 or
clectrode 212 and ground ring 250 of electrocrushing drill
bit 115 respectively described above with reference to FIGS. 40
2A and 2B. The individual circuit elements in pulse-gener-
ating circuit 300 may be selected based on the operating
characteristics, such as voltage, current, and/or frequency, of
power source mput 302, and/or the on the desired perior-
mance of the drill bit and/or pulse-generating circuit. For 45
example, when power source input 302 operates at a fre-
quency of 5 kilohertz (kHz), a combined primary current
between approximately 4 kA and 40 kA, and a voltage
between approximately 1 kV and 15 kV, capacitor 312 may
have a value between 4 microfarad (uF) and 2 muillifarad 50
(mF), and capacitor 320 may have a value between 70
nanofarad (nF) and 150 nF. The design and configuration of
transformer circuit 306 1s discussed in more detail below
with regard to FIGS. 4 and 4A.

FIG. 4A 15 a side cross-sectional view of an exemplary 55
transformer circuit for a downhole electrocrushing and/or
clectrohydraulic drilling system, and FIG. 4B 1s an exploded
view of the same. Transformer circuit 306 1s voltage step-up
transformer that includes primary windings 316 and second-
ary windings 318 around core 406 within housing 410. 60
Primary windings 316 are comprised of multiple wires
segments configured concentrically with secondary wind-
ings 318 to form an open-core transformer that operates 1n
the manner described below. Insulating material 412 may be
placed between primary windings 316 and secondary wind- 65
ings 318 to electrically 1solate the windings and prevent
clectrical shorts between the wires in the windings. Insulat-

8

ing material 412 may include any electrically insulating
matenals, including those discussed below with respect to
FIG. 5.

Multi-segmented primary windings 316 are formed of
individual wire segments wrapped around core 406. The
wire segments of primary windings 316 may be placed
side-by-side along the length of core 406. The segmented
wires of multi-segmented primary windings 316 are coupled
to a common power source, such as power source input 302
of FIG. 3 via an mput circuit, such as mput stage circuit 304
of FIG. 3. As described above with reference to FIG. 3, an
alternating current from the power source input tlows
through primary windings 316 such that the current creates
a variable electromagnetism (i1.e., magnetic flux) in and
around secondary windings 318. Primary windings 316
include electrically conductive material, such as copper,
formed 1n a solid or hollow shape with a circular or
rectangular cross section. Although primary windings 316
are shown configured as a solenoid 1n FIGS. 4A and 4B,
primary windings 316 may be configured in another arrange-
ment around 406.

Secondary windings 318 of transformer circuit 306 also
wrap around core 406 to form transformer circuit 306 with
primary windings 316. Primary windings 316 are wrapped
around secondary windings 318 and core 406 such that
windings 316 and 318 are concentric relative to each other.
Electromagnetism created by the flow of current 1n primary
windings 316 induces current and voltage in secondary
windings 318 due to electromagnetic induction. The current
and voltage created in secondary windings 318 powers other
clements, such as output stage circuit 308 of pulse-generat-
ing circuit 300 described above with respect to FIG. 3.
Secondary windings 318 include electrically conductive
material, such as copper, formed 1n a solid or hollow shape
having a circular or rectangular cross section. Although
secondary windings 318 are shown as being located within
primary windings 316 in FIG. 4A, secondary windings 318
may wrap around primary windings 316 and core 406 such
that windings 316 and 318 are concentric relative to each
other. Secondary windings 318 may be configured 1n another
arrangement around 406 other than the solenoid configura-
tion 1illustrated in FIG. 4A.

Primary windings 316 and secondary windings 318 are
configured to form a step-up transformer that transforms the
low 1nput voltage into a higher output voltage. The output
voltage of transformer circuit 306 depends 1n part on the
ratio of windings between primary windings 316 and sec-
ondary windings 318. Secondary windings 318 include a
higher number of windings as compared to the total number
of windings 1n primary windings 316. For example, second-
ary windings 318 may include between approximately 8 to
12 or more times as many windings as compared to primary
windings 316. The higher ratio of secondary windings 318
to primary windings 316 transforms the low input voltage
supplied by the power source on the primary side of trans-
former circuit 306 into a higher output voltage on the
secondary side of transformer circuit 306. The increase of
output voltage on the secondary side as compared to the
input voltage on the primary side 1s approximately propor-
tionate to the ratio of primary windings 316 to secondary
windings 318. Thus, the ratio of secondary windings 318 to
primary windings 316 enables transformer circuit 306 to
transiorm the low voltage (for example, approximately 1 kV
to 15 kV) from the power source input into an output voltage
of at least 50 kKV or between approximately 50 kV and 200
kV. The higher output voltage can be discharged 1n approxi-
mately 5 to 25 microseconds to create the high-energy pulses
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used for electrocrushing drilling. To enable a higher turn
ratio, primary windings 316 may be formed of more wire
segments having fewer turns, or secondary windings 318
may be located concentrically within primary windings 316
such that more secondary windings may be placed 1 a
smaller area using minimal electrically conductive material.

The individual wires of primary windings 316 form a
multi-segmented primary winding. Current from power
source input flows through each wire segment of primary
windings 316. Each wire segment has an electrical imped-
ance that opposes the flow of current through the wire and
varies based on the matenal, length, resistance, capacitance
and/or other attributes of the wire. The wire segments of
primary windings 316 are connected 1n parallel to a common
power source mput (for example, power source mput 302 of
FIG. 3) via an mput circuit, such as iput stage circuit 304
of FIG. 3. By arranging wires in parallel, the combined
impedance for primary windings 316 is reduced such that
more current (for example, between approximately 4 kA and
40 kA) may be supplied to primary windings 316 as com-
pared to a transformer with non-segmented primary wind-
ings due to the reduced opposition to current flow 1n the
wires. The increased current in primary windings 316
enables a higher operating power 1 addition to creating
increased electromagnetism that enables a higher output
voltage of transformer circuit 306. In addition, the reduced
impedance of primary windings 316 reduces the amount of
heat generated by the operation of transformer circuit 306,
thereby reducing the operational energy loss and improving
the energy transier efliciency of the circuit as compared to
a transformer circuit with non-segmented primary windings.
Thus, multi-segmented primary windings 316 increase the
operating power range and improve the etliciency of trans-
former circuit 306.

Transformer circuit 306 1s designed as an open-core
transformer to reduce the diameter of the pulse-generating,
circuit 300. In a closed-core transtormer, the core material 1s
formed 1n a ring to concentrate electromagnetism between
the windings. By contrast, an open-core transformer, such as
transformer circuit 306 with core 406, 1s formed of an
clongated shape with a narrow cross-section (for example, a
cylinder with a diameter between approximately 2 and 24
inches or 5 and 61 centimeters) such that transformer circuit
306 fits within a bottom-hole assembly (for example, BHA
128 discussed above with respect to FIGS. 1 and 2) of a dnll
bit (for example, drill bits 114 and 115 discussed above with
respect to FIGS. 2A and 2B) utilized to drill a wellbore in a
subterrancan formation. Accordingly, the open-core design
enables a smaller diameter for transformer circuit 306 that
facilitates downhole placement.

An open-core design may result 1n decreased electromag-
netic coupling between primary windings 316 and secondary
windings 318 as compared to a closed-core design. Thus, the
placement of primary windings 316 and secondary windings
318 1s selected to enhance the electromagnetic coupling
between the windings. Primary windings 316 are wrapped
around secondary windings 318 1n a concentric manner. As
explained above, electromagnetism created by the flow of
current in primary windings 316 induces current and voltage
in secondary windings 318 due to electromagnetic induc-
tion. Some electromagnetism created on the primary side 1s
lost due to materials near and the spacing between windings
316 and 318. To reduce this loss, windings 316 and 318 may
be placed 1n close proximity to each other (for example,
approximately 3 and 20 millimeters apart) to increase the
clectromagnetic coupling between the windings. The elec-
tromagnetic coupling may be expressed as a coupling coet-
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ficient, a fractional number between 0 and 1, where a lower
coupling coeflicient represents a smaller electromagnetic
coupling and a higher coupling coeflicient represents a
higher electromagnetic coupling. The higher the coupling
coellicient, the higher the induced current and voltage 1n
secondary windings 318. The placement of windings 316
and 318 within transformer circuit 306 may achieve a
coupling coelflicient between approximately 0.4 and 0.8.
Increasing the electromagnetic coupling between primary
windings 316 and secondary windings 318 may reduce the
clectromagnetic loss between the windings and thereby
improve the operating efliciency of transformer circuit 306.
The close proximity between windings 316 and 318 may
also help maintain a diameter for transformer circuit 306 that
fits within a bottom-hole assembly (for example, BHA 128
discussed above with respect to FIGS. 1 and 2).

Transformer circuit 306 may be an open-core, air-core
transformer that includes no added magnetic material. That
1s, the space between windings 316 and 318 may be filled
with air or other non-ferromagnetic materials such that
transformer circuit 306 1s an air-core design. The air-core
design of transformer circuit 306 helps avoid saturation
common with magnetic core material and variability caused
by the effect of extreme downhole operating conditions on
the performance of core material.

Core 406 of transformer circuit 306 1s located at or near
the center of concentric windings 316 and 318. Primary
windings 316 wrap around secondary windings 318, and
both windings wrap around core 406. Due to 1ts placement
outside (not between the windings) of concentric windings,
core 406 1s not part of the magnetic circuit formed between
primary windings 316 and secondary windings 318. Core
406 still affects the electromagnetic coupling between wind-
ings 316 and 318 because of 1ts proximity and placement
relative to the windings. For example, core 406 may con-
centrate Iringe magnetic flux (1.e., fringe electromagnetism
that 1s outside of the magnetic circuit formed between
primary windings 316 and secondary windings 318) along
the internal diameter of transtformer circuit 306. Concentrat-
ing iringe magnetic flux near the center of transformer
circuit 306 may reduce the amount of fringe magnetic flux
that 1s lost as the flux itercepts and dissipates through other
downhole components. Reducing flux in other downhole
components may improve the electromagnetic coupling
between windings 316 and 318, and thus the operating
ciliciency of transformer circuit 306. Similar to the space
between primary windings 316 and secondary windings 318
discussed above, core 406 may be filled with air or other
non-ferromagnetic material. However, core 406 may also
include supplemental magnetic core material to help attract
fringe magnetic flux along the internal diameter of trans-
former circuit 306. The chances of saturation for magnetic
material within core 406 are eliminated because core 406
experiences less electromagnetic flux than the magnetic
circuit between primary windings 316 and secondary wind-
ings 318, and the electromagnetic tlux 1s not stored 1n the
open-core configuration. The supplemental core added to
core 406 may be seclected to have lower variability 1n
response to the extreme downhole operating conditions. For
example, preferred supplemental core material includes a
cobalt-1ron alloy such as supermendur, which may include
approximately forty-eight percent cobalt, approximately
forty-eight percent iron, and approximately two percent
vanadium by weight. The supermendur material maintains
its high relative permeability across a wide range of tem-
peratures (for example, from approximately 10 to 200
degrees Centigrade), and thus withstands the high tempera-
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tures of a downhole environment. The supplemental core
material may also mclude a ferrite matenial, a strip laminate
magnetic material with a Curnie temperature 200 degrees
Centigrade or greater, Metglas®, which includes a thin
amorphous metal alloy ribbon which may be magnetized
and demagnetized, or other high magnetic permeability
material that maintains its magnetic permeability across a
range of downhole temperatures (for example, Ifrom
approximately 10 to 200 degrees Centigrade) such as Silec-
tron™ (for example, silicon steel material composed of
approximately 3% silicon steel and 97% 1ron) and Super-
malloy™ (for example, composed of approximately 80%
Nickel-Iron and approximately 20% 1ron alloy).

The various design features of transformer circuit 306
enable the circuit to operate at a high-power level while still
physically fitting within the narrow confines of a wellbore.
For example, multi-segmented primary windings 316 help
reduce the impedance on the 1input side of transformer circuit
306 such that more input current can flow through the
circuit. The multi-segmented primary windings 316 simul-
taneously reduce operational energy loss, thereby improving,
the operating efliciency of the circuit. A higher ratio of
secondary windings 318 to primary windings 316 steps up
the low input voltage to a higher output voltage that 1s used
to generate high-energy pulses for electrocrushing or elec-
trohydraulic drilling. Transformer circuit 306 may be con-
figured with a narrow diameter due to 1ts open-core design
with concentric primary and secondary windings. The air-
core design of transformer circuit 306 eliminates the risk of
saturation common with magnetic core material and vari-
ability caused by the eflect of extreme downhole operating
conditions on the performance of the core material. Supple-
mental magnetic core material may be added to core 406,
outside of the magnetic circuit of the transformer, to con-
centrate the fringe magnetic tlux away from other downhole
components, thereby reducing fringe magnetic flux loss and
the operating efliciency of transformer circuit 306.

Transformer circuit 306 may be physically sized to fit in
a downhole tool. The physical size of transformer circuit 306
may depend on the size of core 406, the number and size of
primary windings 316 and secondary windings 318, the
spacing between primary windings 316 and secondary wind-
ings 318, the dimensions of housing 410, and the arrange-
ment and/or spacing of primary windings 316 and secondary
windings 318 within housing 410. The length (along the X
axis 1 FIG. 4A) of transformer circuit 306 may vary
inversely with the width (along the Y axis of FIG. 4A) of
transformer circuit 306. As transformer circuit 306 1s made
narrower to fit within wellbores with smaller diameters, the
length of pulse-generating circuit 300 may increase to
accommodate the materials and components comprising the
circuit. Conversely, the length of pulse-generating circuit
300 may be decreased by increasing the width of pulse-
generating circuit 300. The length of transformer circuit 306
may be between approximately 3 and 25 feet (between
approximately 1 and 8 meters) and the diameter of the circuit
may be between approximately 4 and 20 inches (between
approximately 10 and 51 centimeters).

Pulse-generating circuit 300 may be encapsulated by
insulating material to protect against the harsh downhole
environment and facilitate dissipation of heat generated by
the circuit. FIG. 5 1s a top cross-sectional view of an
exemplary pulsed-power tool for a downhole electrocrush-
ing and/or electrohydraulic drnlling system. Pulsed-power
tool 230 includes pulse-generating circuit 300, the circuit
depicted above 1n FIG. 3. Pulse-generating circuit 300 may
be shaped and si1zed to fit withun the circular cross-section of
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pulsed-power tool 230, which as described above with
reference to FIGS. 2A and 2B, may form part of BHA 128.
Pulse-generating circuit 300 may be enclosed within encap-
sulant 510 that includes a thermally conductive material to
protect pulse-generating circuit 300 from the wide range of
temperatures (for example, from approximately 10 to 200
degrees Centigrade) within the wellbore. For example,
encapsulant 510 may include APTEK® 2100-A/B, which 1s
a two-component, unfilled, electrically nsulating urethane
system for the potting and encapsulation of electronic com-
ponents, and has a thermal conductivity of approximately
170 mW/mK. Encapsulant 510 may include one or more
other thermally conductive materials with a dielectric
strength greater than approximately 350 wvolt/mil (for
example, greater than approximately 13,780 volt/millimeter)
and a temperature capability greater than approximately 120
degrees Centigrade, such as DOW CORNING® OE-6636
and OE-6350, and Kapton® polyimide film. Encapsulant
510 adjoins an outer wall of one or more fluid channels 234.
As described above with reference to FIG. 1, dnlling fluid
122 passes through interior channels (for example, fluid
channels 234) of drill string 108 as drilling fluid 1s pumped
down through a drill string. Encapsulant 510 may transfer
heat generated by pulse-generating circuit 300 to the drilling
fluid that passes through fluid channels 234. Encapsulant
510 may also 1nsulate pulse-generating circuit 300 from heat
generated by other downhole components. Thus, encapsu-
lant 510 may prevent pulse-generating circuit 300 from
overheating to a temperature that degrades the relative
permeability of core of the cores of the inductors 1n pulse-
generating circuit 500,

FIG. 6 1illustrates a flow chart of exemplary method for
drilling a wellbore.

Method 600 may begin and at step 610 an electrocrushing
or electrohydraulic drill bit may be placed downhole 1n a
wellbore. For example, drill bit 114 may be placed downhole
in wellbore 116 as shown in FIG. 1.

At step 620, clectrical energy 1s provided to a pulse-
generating circuit coupled to a first electrode and a second
clectrode of the dnll bit. The first electrode may be electrode
208, 210, or 212 and the second electrode may be ground
ring 250 discussed above with respect to FIGS. 2A and 2B.
For example, as described above with reference to FIG. 3,

pulse-generating circuit 300 may be implemented within
pulsed-power tool 230 of FIGS. 2A and 2B. And as

described above with reference to FIGS. 2A and 2B, pulsed-
power tool 230 may recerve electrical power from a power
source on the surface, from a power source located down-
hole, or from a combination of a power source on the surface
and a power source located downhole. Power may be
supplied downhole to pulse-generating circuit 300 by way of
a cable, such as cable 220 described above with respect to
FIGS. 2A and 2B. The power may be provided to pulse-
generating circuit 300 within pulse-power tool 230 at power
source mput 302,

At step 630, the pulse-generating circuit converts the
clectrical power from the power source into high-energy
clectrical pulses for use of the electrocrushing drill bit. For
example, as described above with reference to FIG. 3,
pulse-generating circuit 300 may include an input stage
circuit 304, transformer circuit 306, and an output stage
circuit 308. Pulse-generating circuit 300 steps up the low-
voltage 1mput to a high-voltage output that 1s used to create
high-energy pulses for the drilling system. For example, the
pulse-generating circuit may use a higher ratio of secondary
windings to primary windings in the transformer circuit to
convert a low-voltage power source mput (for example,
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approximately 1 kV to 15 kV) into high-energy electrical
pulses capable of applying at least 50 kV or between
approximately 50 kV and 200 kV across electrodes of the
drill bat.

At step 640, an electrical arc may be formed between two
clectrodes of the drill bit. For example, an electrical arc may
be formed between electrode 208 or 210 and ground ring
250 of electrocrushing drill bit 114 illustrated 1n FIG. 2A or
clectrode 212 and ground ring 250 of electrocrushing drill
bit 115 illustrated in FIG. 2B.

And at step 650, a capacitor 1n output stage circuit may
discharge via the electrical arc. For example, as the voltage
across capacitor 320 of output stage circuit 308 increases
during step 630, the voltage across the first electrode and the
second electrode also increases. As described above with
reference to FIGS. 1 and 2, when the voltage across the two
clectrodes (for example, electrode 208 and ground ring 250
illustrated 1n FIG. 3) becomes sufliciently large, an arc may
form through a rock formation that 1s 1n contact with or near
the electrodes. The arc may provide a temporary electrical
short between electrode 208 and ground ring 250, and thus
may discharge, at a high current level, the voltage bwlt up
across capacitor 320 illustrated in FIG. 3.

At step 660, the rock formation at an end of the wellbore
may be fractured with the electrical arc. For example, as
described above with reference to FIGS. 1 and 2, the arc
greatly increases the temperature of the portion of the rock
formation through which the arc flows as well as the
surrounding formation and materials. The temperature 1s
sufliciently high to vaporize any water or other fluids that
may be touching or near the arc and may also vaporize part
of the rock 1tself. The vaporization process creates a high-
pressure gas which expands and, in turn, fractures the
surrounding rock.

At step 670, fractured rock may be removed from the end
of the wellbore. For example, as described above with
retference to FIG. 1, electrocrushing drilling fluid 122 may
move the fractured rock away from the electrodes and
uphole away from the drill bit. As described above with
respect to FIGS. 2A and 2B, electrocrushing drilling fluid
122 and the fractured rock may pass away from electrodes
through passages 260 1n the drill bit. Subsequently, method
700 may end.

Modifications, additions, or omissions may be made to
method 700 without departing from the scope of the disclo-
sure. For example, the order of the steps may be performed
in a different manner than that described and some steps may
be performed at the same time. Additionally, each individual
step may 1nclude additional steps without departing from the
scope of the present disclosure.

Embodiments herein may include:

A. A downhole drilling system including a pulse-gener-
ating circuit electrically coupled to a power source config-
ured to provide an alternating current at a frequency and an
input voltage, the pulse-generating circuit comprising an
input stage circuit electrically coupled to the power source,
the mput stage circuit configured to control the alternating
current 1n the pulse-generating circuit; a transformer circuit
clectrically coupled to the input stage circuit, the transformer
circuit comprising an open-core transformer configured to
generate an output voltage higher than the mput voltage; and
an output stage circuit electrically coupled to the transformer
circuit, the output stage circuit configured to store energy for
an electric pulse; and a drill bit including a first electrode and
a second electrode electrically coupled to the output stage
circuit to receive the electric pulse from the pulse-generating
circuit.
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B. A method including providing an alternating current
and an mput voltage from a power source at a frequency to
a pulse-generating circuit electrically coupled to a drill bat
located downhole 1n a wellbore; generating an electric pulse
with the pulse-generating circuit, the electric pulse stored in
an output capacitor and generated at the frequency by an
open-core transformer, forming an electrical arc between a
first electrode and a second electrode of the drill bat, the first
clectrode and the second electrode electrically coupled to the
output capacitor; discharging the output capacitor by the
clectrical arc; fracturing a rock formation at an end of the
wellbore with the electrical arc; and removing fractured rock
from the end of the wellbore.

Each of embodiments A and B may have one or more of
the following additional elements 1n any combination: Ele-
ment 1: wherein the mput stage circuit comprises a capaci-
tor; and a switch coupled to the capacitor, the switch
configured to open and close an electrical path between the
capacitor and the transformer circuit, the alternating current
from the power source passing to the transformer circuit
when the electrical path 1s closed. Flement 2: wherein the
transformer circuit further comprises a plurality of primary
windings electrically coupled to the input stage circuit; and
a plurality of secondary windings concentric to and electro-
magnetically coupled to the primary windings, the primary
and secondary windings forming the open-core transformer.
Element 3: wherein the open-core transformer 1s further
configured as an air-core transformer having no ferromag-
netic material. Element 4: wherein the primary windings are
comprised of a plurality of segmented wires coupled to the
iput stage circuit. Flement 5: wherein the primary and
secondary windings are wound around a core. Element 6:
wherein the core concentrates a fringe magnetic flux of the
primary and secondary windings. Flement 7: wherein the
frequency 1s less than 100 MHz. Element 8: wherein the
clectric pulse from the pulse-generating circuit applies a
voltage of at least 50 kV across the two electrodes. Element
9: wherein the drnll bit 1s integrated within a bottom-hole
assembly. Element 10: wherein the drill bit 1s one of an
clectrocrushing drill bit and an electrohydraulic drill bat.
Element 11: wherein one of the two electrodes 1s a ground
ring. Element 12: wherein the pulse-generating circuit com-
prises an iput stage circuit electrically coupled to the power
source, the mput stage circuit configured to control the
alternating current in the pulse-generating circuit; a trans-
former circuit electrically coupled to the mput stage circuit,
the transformer circuit comprising the open-core trans-
former configured to generate an output voltage higher than
the 1input voltage with the voltage step-up transformer; and
an output stage circuit electrically coupled to the transformer
circuit, the output stage circuit configured to store an energy
from the output voltage.

The embodiments described 1n the present disclosure are
intended for use 1n electrocrushing and/or electrohydraulic
drilling, and reference to one or the other form of dnilling 1n
the above disclosure 1s not intended to limit the applicability
of the embodiment to that particular form of drilling.
Although the present disclosure has been described with
several embodiments, various changes and modifications
may be suggested to one skilled 1n the art. It 1s intended that
the present disclosure encompasses such various changes
and modifications as falling within the scope of the
appended claims.

What 1s claimed 1s:

1. A downhole dnlling system, comprising:

a bottom hole assembly within a wellbore configured to

receive drilling fluid from a dnll string;
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a pulse-generating circuit within the bottom hole assem-
bly and electrically coupled to a power source config-
ured to provide an alternating current at a frequency
and an 1nput voltage, the pulse-generating circuit com-
prising;:
an mput stage circuit electrically coupled to the power

source, the input stage circuit configured to control
the alternating current in the pulse-generating cir-
cuit:

a transiormer circuit electrically coupled to the nput
stage circuit, the transformer circuit comprising an
open-core transiormer configured to generate an
output voltage higher than the put voltage and
allow dnlling fluid to flow through the open-core
transformer; and

an output stage circuit electrically coupled to the trans-
former circuit, the output stage circuit configured to
store energy for an electric pulse; and

a drill bit including a first electrode and a second electrode
clectrically coupled to the output stage circuit to
receive the electric pulse from the pulse-generating
circuit.

2. The downhole drilling system of claim 1, wherein the

input stage circuit comprises:

a capacitor; and

a switch coupled to the capacitor, the switch configured to
open and close an electrical path between the capacitor
and the transformer circuit, the alternating current from
the power source passing to the transformer circuit
when the electrical path 1s closed.

3. The downhole drilling system of claim 1, wherein the

transformer circuit further comprises:

a plurality of primary windings electrically coupled to the
input stage circuit; and

a plurality of secondary windings concentric to and elec-
tromagnetically coupled to the primary windings, the
primary and secondary windings forming the open-core
transformer.

4. The downhole drilling system of claim 3, wherein the
open-core transformer 1s further configured as an air-core
transformer having no ferromagnetic material.

5. The downhole drilling system of claim 3, wherein the
primary windings are comprised of a plurality of segmented
wires coupled to the input stage circuit.

6. The downhole drilling system of claim 3, wherein the
primary and secondary windings are wound around a core.

7. The downhole drilling system of claim 6, wherein the
core concentrates a fringe magnetic flux of the primary and
secondary windings.

8. The downhole drilling system of claim 1, wherein the
frequency 1s less than 100 MHz.

9. The downhole drilling system of claim 1, wherein the
clectric pulse from the pulse-generating circuit applies a
voltage of at least 50 kV across the two electrodes.

10. The downhole drilling system of claim 1, wherein the
drill bit 1s one of an electrocrushing drill bit and an elec-
trohydraulic drill bit.

11. The downhole drilling system of claim 1, wherein one
of the two electrodes 1s a ground ring.

12. A method, comprising:

receiving drilling fluid at a bottom hole assembly within
a wellbore:
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providing an alternating current and an 1input voltage from

a power source at a frequency to a pulse-generating

circuit electrically coupled to a drill bit located down-

hole 1n a wellbore;

generating an electric pulse with the pulse-generating

circuit within the bottom hole assembly and, the elec-

tric pulse stored 1n an output capacitor and generated at
the frequency by an open-core transformer, wherein the
pulse-generating circuit comprises:

an mput stage circuit electrically coupled to the power
source, the input stage circuit configured to control
the alternating current 1n the pulse-generating cir-
cuit:

a transformer circuit electrically coupled to the mput
stage circuit, the transformer circuit comprising the
open-core transformer configured to generate an
output voltage higher than the iput voltage and
allow drnlling flmd to flow through the open-core
transformer; and

an output stage circuit electrically coupled to the trans-
former circuit, the output stage circuit configured to
store an energy from the output voltage;

forming an electrical arc between a first electrode and a

second electrode of the drill bit, the first electrode and

the second electrode electrically coupled to the output
capacitor;

discharging the output capacitor by the electrical arc;

fracturing a rock formation at an end of the wellbore with

the electrical arc; and

removing fractured rock from the end of the wellbore.

13. The method of claim 12, wherein the input stage
circuit comprises:

a capacitor; and

a switch coupled to the capacitor, the switch configured to

open and close an electrical path between the capacitor

and the transformer circuit, the alternating current from
the power source passing to the transformer circuit
when the electrical path 1s closed.

14. The method of claim 12, wherein the transformer
circuit comprises:

a plurality of primary windings electrically coupled to the

input stage circuit; and

a plurality of secondary windings concentric to and elec-

tromagnetically coupled to the primary windings, the

primary and secondary windings forming the open-core
transformer.

15. The method of claim 14, wherein the primary wind-
ings are comprised of a plurality of segmented wires coupled
to the mput stage circuit.

16. The method of claim 14, wheremn the primary and
secondary windings are wound around a core.

17. The method of claim 16, wherein the core concen-
trates a fringe magnetic tlux of the primary and secondary
windings.

18. The method of claim 12, wherein the frequency 1s less
than 100 MHz.

19. The method of claim 12, wherein the electric pulse
from the pulse-generating circuit applies a voltage of at least
50 kV across the first electrode and the second electrode.

20. The method of claim 12, wherein the drill bit 1s one
of an electrocrushing drill bit and an electrohydraulic drill
bit.

21. The method of claim 12, wherein one of the first and
second electrode 1s a ground ring.
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